Density functional theory is applied to the study of gas-to-liquid nucleation in binary and ternary mixtures with one amphiphilic component. The theory allows the evaluation of density profiles and molecular orientation distributions in the critical nucleus. The predicted cluster compositions for binary and ternary systems resemble qualitatively the experimental behavior for water-n-alcohol and water-n-butanol-n-nonane mixtures, respectively.
I. INTRODUCTION
The condensation of binary and ternary vapors has important implications for atmospheric chemistry, chemical engineering, and material processing. In general, nucleation stands as the rate determining step in such condensation. Although heterogeneous nucleation on surfaces or on foreign particles is often important, homogeneous nucleation through cluster formation in pure gas mixtures is of considerable practical importance and also is the necessary first step toward understanding more complex nucleation phenomena. For this reason, there has been considerable effort in recent years toward measuring rates of homogeneous nucleation in binary systems. [1] [2] [3] [4] The application of the nucleation theorem 5, 6 then allows experimental measurements of the composition of the critical nucleus.
All these new experimental data allow stringent tests of theories of binary nucleation. The limitations of classical nucleation theory ͑which applies the macroscopic capillarity approximation down to nuclei with only tens of molecules͒ become particularly apparent for binary systems. In particular, for sufficiently nonideal mixtures, classical nucleation theory not only gives rates that are in error by many orders of magnitude, but can even give the unphysical prediction of a negative number of particles in the critical nucleus, a particularly serious violation of the nucleation theorem. It is for this reason that extensions of classical nucleation theory, or entirely new statistical mechanical approaches to nucleation of binary vapors, are needed.
In recent papers, [7] [8] [9] we have used density functional theory to develop such a new approach. Our method is based on the simplest possible density functional that can be built on the van der Waals concept of short-range repulsive plus long-range attractive forces. Specifically, we studied binary mixtures interacting through Lennard-Jones forces, which are then approximated by hard spheres plus attractive tails. The free energy of the hard sphere reference mixture is treated in a local density approximation, while the attractive potential is incorporated through statistical mechanical perturbation theory. Such binary fluids can show either negative or positive deviations from ideal behavior. If unlike molecules attract each other more strongly than like molecules, then liquid mixtures have additional thermodynamic stability, and the nucleation proceeds more rapidly than in an ideal mixture. On the other hand, if unlike molecules attract one another less strongly than like molecules, then nucleation is slowed in the mixture. In the limit where this latter effect becomes large, phase separation can occur in bulk. However there are cases 9 in which the critical nucleus remains well mixed, or else shows only partial phase separation into a binary nucleus that has lost spherical symmetry, even when there is phase separation in bulk.
The predicted nucleation rates from our density functional theory show reasonable qualitative correspondence with experiments on mixtures such as water-n-alcohols. However, the assumption that these types of mixtures can be modeled with spherically symmetric potentials is not a very reasonable one. Ideally, one would like to study models with extended, even flexible, chains and with charges to mimic dipole and higher-order multipole moments, but this is still beyond the current state of the art. In this paper, we explore a different model that contains one important physical feature of the experimentally studied systems. In particular, we allow each molecule of one of the components of the mixture to have amphiphilic character, so that depending on its orientation it interacts more or less strongly with molecules of the other components. The idea is to mimic the behavior of an n-alcohol molecule, whose hydroxyl end group interacts with water or with an alkane differently from its hydrocarbon portion. We show that the resulting nucleation for binary mixtures differs in subtle but significant ways from that in the case of spherical interaction potentials.
A further motivation for this work is the recent experimental determination of nucleation rates and cluster compositions for water-n-butanol-n-nonane ternary mixtures. 10 That work suggested that the n-alcohol component might act as a ''surfactant,'' bringing water and nonane together into a critical nucleus when this would not occur in its absence. In this paper we confirm this scenario and explicitly calculate the density profiles and molecular orientation distributions in the critical nucleus.
The outline of the paper is as follows. In Sec. II we outline the general density functional theory for a multicomponent mixture of anisotropic molecules. We introduce our simple model of amphiphilic behavior and apply it to binary systems in Sec. III, and to ternary systems in Sec. IV. In Sec. V we present a brief discussion.
II. THEORY
The mean-field grand potential functional ⍀ of an inhomogeneous n-component system with anisotropic intermolecular interactions i j ͑r,rЈ,,Ј͒ can be expressed as 11, 12 
͑1͒
where i ͑r,͒ is the number density of particles of type i at point rϭxyz, which have an orientation ϭ ͑Euler angles͒, and i is the chemical potential of species i.
In this approach, the repulsive force contributions to the grand potential are treated in a local density approximation. Thus, f ref ͓ i ͑r,͔͒ in Eq. ͑1͒ is the Helmholtz free energy density of a homogeneous reference system with constant densities,
͑2͒
and with the same fraction of molecules at r, with orientations ,
as the real model fluid. This definition for the orientational distribution functions ␣ i ͑r,͒ assures that they are normalized to unity,
͑4͒
For a reference fluid composed of hard spheres, the grand potential ⍀͓ i ͑r,͔͒ in Eq. ͑1͒ can be rewritten as
where f hs ͓ i ͑r͔͒ is the Helmholtz free energy density of the hard-sphere fluid and the second term in this equation accounts for the loss of entropy at temperature T ͑with k, the Boltzmann constant͒ caused by orientational order ͓␣ i ͑r,͒ ϭ1/4 for an isotropic fluid͔.
The equilibrium profiles for i ͑r͒ and ␣ i ͑r,͒ are obtained by minimizing the latter functional with respect to the local densities and orientational distribution functions,
for iϭ1 to n, under appropriate boundary conditions. Here, i ͑r,͒ are Lagrange multipliers to be determined so that all ␣ i ͑r,͒ are normalized to 1. The minimization of ⍀ leads to the following set of nonlinear integral Euler-Lagrange equations, is an effective potential acting on every species. The brackets ͗ ͘ i in Eq. ͑7a͒ imply a weighted angular average over the orientational distribution function ␣ i ͑r,͒.
For a given open system at constant temperature T, volume V, and chemical potentials i , Eqs. ͑7a͒ and ͑7b͒ can be solved by standard numerical procedures. In a closed system, where the total of number of particles N i is fixed,
the Euler-Lagrange equations ͑7a͒ can be conveniently replaced by
where c,i
is the configurational part of the hard-sphere chemical potential of component i in the mixture.
III. MODEL AND RESULTS FOR A BINARY MIXTURE
Let us first consider a binary mixture of spherical hardcore molecules A and B, where particles of type B have amphiphilic nature ͑with bifunctional end groups͒. In a first approach, attractive interactions between molecules of the same species are modeled through Lennard-Jones potentials in a Barker-Henderson approximation,
while interactions between species A and B include an anisotropic tail that simulates amphiphilic behavior,
Here, ͑r AB , B ͒ represents the angle between the orientation B of the amphiphile B and the intermolecular vector r AB between A and B. The anisotropic contribution to the interaction is then attractive when B is parallel to r AB and repulsive when they are antiparallel; the parameter ␥ AB controls the strength of this amphiphilic interaction.
In this simple mean-field theory, the bulk free energy of the homogeneous system does not depend on the value of ␥ AB since the contribution of the anisotropic tail to the effective potential in Eq. ͑8͒ goes to zero for constant densities. Thus, the thermodynamic properties of the bulk phases are determined by the relative values of the energy parameters ⑀ AA , ⑀ BB , ⑀ AB , and the hard core diameters AA , BB , AB . On the other hand, the surface properties and, with them, the properties of molecular clusters depend on the value of ␥ AB .
For a uniform system, the grand potential becomes a function of the two independent densities A and B ,
where
and f hs PY denotes the Helmholtz free energy density of a hardsphere mixture in the Percus-Yevick compressibility approximation. 16 For simplicity, we consider here interaction potentials in which the three hard-core diameters i j have the same value .
At fixed temperature T, chemical potentials i , and pressure PϭϪ⍀/V, the densities and compositions of any pair of coexisting phases I and II are uniquely determined by the conditions
In this case, the dimensionless energy parameters ⑀ BB * ϭ⑀ BB /⑀ AA and ⌳*ϭ͑⑀ AA ϩ⑀ BB Ϫ2⑀ AB ͒/⑀ AA determine the nature of the phase diagram; the value of ⑀ AA only sets the energy and temperature scale. The parameter ⑀ BB * controls the relative volatility of the two components, while the mixing term ⌳* determines the extent of nonideality of the liquid mixture. A positive value of ⌳*, for example, implies higher vapor pressures than would be predicted for an ideal solution, and miscibility gaps in the liquid phase can appear for large enough positive values of ⌳*. The global phase behavior of this kind of generalized van der Waals model for binary mixtures has been analyzed extensively.
17,18

A. Properties of liquid clusters
Critical nuclei in gas-to-liquid nucleation of this binary mixture correspond to saddle point solutions in the functional space of an open system where the grand potential ⍀͓ i ͑r,͔͒ is defined. 19 Their properties, however, can also be obtained by enclosing the system in a container of volume V and perfect nonwetting-nondrying walls. 14 The density profiles i ͑r͒ and orientational distribution functions ␣ i ͑r,͒ of every nucleus correspond to solutions of Eqs. ͑7b͒ and ͑10͒ under appropriate boundary conditions. We consider here the properties of nuclei with radial symmetry; the appearance of nuclei with cylindrical symmetry has been discussed in Ref. 9 . The only nontrivial orientational function ␣ B ͑r,͒ is then used to define the orientational order parameter,
that gives the fraction of B molecules aligned in the radial direction.
Once the equilibrium profiles are obtained for a given nucleus, the height of the free energy barrier to nucleation ⌬⍀ is evaluated by taking the grand potential difference
where the densities of the homogeneous vapor i v that surrounds the nucleus are obtained by demanding no density discontinuities at the boundary of the enclosing container. 14 In the following description we keep the language of our analysis close to that employed in our previous work, 9 where we used a simpler free energy functional to study the properties of critical clusters in binary mixtures; this is the same language used in recent experimental work on nucleation of binary mixtures. [1] [2] [3] [4] The onset vapor activities a i0 ͑with a i ϭ e i /kT ͒ are thus defined as those activities for which the work of formation of critical nuclei attains the same reference value ⌬⍀ 0 /kT ͑set to 70.0 in this work͒. All our results correspond to the same reduced temperature T r ϭkT/⑀ AA ϭ0.5 and illustrate the behavior in regions far from the critical points of the pure components.
Let us first consider the case of a symmetric mixture with ⑀ BB * ϭ 1.0, ⌳*ϭ0.0, and ␥ AB * ϭ ␥ AB /⑀ AA ϭ 0.0, which exhibits ''ideal'' behavior. As described in our recent work, 
͑16͒
where n i is the excess number of particles of type i in the nucleus, is an increasing linear function of the normalized activity fraction,
as shown in Fig. 1 . The normalized onset vapor activities a in in the last expression are given by
and a i0 0 represents the onset activity for the pure vapor of component i.
Increasing the strength of the anisotropic interactions ␥ AB * alters the structure of the critical nuclei. Amphiphile molecules are adsorbed at the interface with a preferred orientation, and density profiles become nonmonotonic ͑Fig. 2͒. As a result, the clusters are enriched in the amphiphilic component along the whole range of activity fractions x a,B ͑Figs. 1 and 3͒. The depletion of component A at the center of the cluster driven by the adsorption of component B at the surface is characteristic of systems with ␥ AB * 0. For a given activity fraction x a,B and onset work of formation ⌬⍀ 0 /kT, the total number of particles in the cluster increases with ␥ AB * ; Fig. 3 illustrates this behavior for a symmetric mixture. In spite of the surface tension reduction caused by adsorption at the nucleus interface, nucleation occurs at higher supersaturations than for an ideal mixture whenever ⌳*у0 and ␥ AB * 0. For mixtures that are not miscible at all temperatures or compositions ͑⌳*Ͼ0͒, mixing hinders the nucleation process. In the absence of any anisotropic interaction the clusters tend to enrich in the majority component. For ␥ AB * 0, however, the amphiphile composition x B exceeds the ideal values at lower activity fractions x a,B ͓Fig. 4͑a͔͒.
For ⌳*Ͻ0 each component supports the other in the nucleation process and critical nuclei show an enrichment in the minority component, as shown in Fig. 4͑b͒ the amphiphiles are the predominant species. Mixtures of water and n-alcohols exhibit a similar composition trend as the length of the hydrocarbon chain is increased from ethanol to hexanol. 4 This particular feature in the behavior of the real mixtures is then linked to the enhancement of the bifunctional character of the molecular end groups as one moves up within the homologous series. This factor, together with the degree of miscibility of both components, seem to determine the basic nucleation trends observed experimentally in water-n-alcohol mixtures.
Increasing the volatility of the amphiphile (⑀ BB * Ͻ 1) for ␥ AB * 0 reduces the normalized onset activities a in for a fixed rate of nucleation. The cluster composition x B for a given activity fraction x a,B , however, does not change significantly in the process. Since by reducing ⑀ BB * the nuclei enrich in the more volatile component ͑B͒, the relative loss of A molecules in the cluster caused by surface adsorption at constant ␥ AB * is smaller than that observed in symmetric mixtures. Figure 5 illustrates the behavior of the excess number of particles as a function of the normalized activity fraction x a,B for this kind of system. The dotted line in this figure qualitatively resembles the experimental results for n-pentanol or n-hexanol mixtures with water. 4 
IV. MODEL AND RESULTS FOR A TERNARY MIXTURE
We now consider the addition of a third component to the binary mixture described in the previous section. 12 The molecules of the new species C are supposed to interact with each other and with particles of component A through isotropic Lennard-Jones potentials. The anisotropic interaction with molecules of the amphiphile ͑B͒ is taken as
where ͑r BC , B ͒ represents the angle between the orientation B of the amphiphile B and the intermolecular vector r BC . The global bulk and surface phase diagrams of this ternary mixture are very complicated and we consider only some particular systems. We are interested in modeling the behavior of mixtures of two immiscible components A and C that show opposite affinities to the end groups of the amphiphile B. This last characteristic can be introduced in a simple way by taking ␥ BC ϭϪ␥ AB .
For uniform systems, Eq. ͑12͒ can be generalized to ternary mixtures and coexisting phases are found following the thermodynamic procedure described in Sec. III. We again choose the value of the energy parameter ⑀ AA to set the temperature scale and consider symmetric mixtures with reduced parameters ⑀ BB * ϭ ⑀ CC * ϭ 1.0. The isotropic interactions between molecules of type A and C with the amphiphile B are chosen to resemble qualitatively the nucleation behavior observed in recent experiments for water-n-butanol mixtures and n-nonane-n-butanol mixtures, respectively. 10 In particular, we work with the energy parameters ⌳ AB * ϭ (⑀ AA ϩ ⑀ BB Ϫ 2⑀ AB )/⑀ AA ϭ Ϫ0.2 and ⌳ BC * ϭ (⑀ CC ϩ ⑀ BB Ϫ 2⑀ BC )/⑀ AA ϭ 0.3; the addition of n-butanol favors the nucleation of water droplets while it hinders the process for n-nonane. The degree of miscibility of components A and C is controlled by ⌳ AC * ϭ (⑀ AA ϩ ⑀ CC Ϫ 2⑀ AC )/⑀ AA and this parameter is then taken to be larger than zero. For a reduced temperature T r ϭkT/⑀ AA ϭ0.5 and ⌳ AC * у 0.4, our model ternary mixture is characterized by a liquid-vapor coexistence manifold in the activity space that intersects an A-rich-C-rich liquid-liquid surface along a line of triple points. Three-phase coexistence states terminate at a critical end point as the thermodynamic activity of the amphiphile ͑B͒ is increased.
A. Properties of liquid clusters
Following Viisanen and Strey in their analysis of the experimental results on ternary nucleation of water-n-nonane-n-butanol, 10 we analyze the composition of critical clusters in our ternary mixture as the normalized onset activity fraction of the amphiphile,
for a given work of formation ͑⌬⍀ 0 /kTϭ70.0͒, is increased at a fixed value of the ratio Figure 6 illustrates the change in composition of critical clusters in a ternary mixture under these circumstances. Here, at low values of the amphiphile activity fraction x a,B , critical nuclei are rich in component C with component A mainly located at the surface of the cluster. The addition of more amphiphile leads to a rapid entering of A molecules that start accumulating at the center of the nucleus. Figure 7 shows the density and orientational profiles for the different species in a cluster with significant amounts of all three components. The bifunctional nature of component B opens a path at higher values of x a,B for a smooth transition to clusters where component A dominates with molecules of component C segregated to the surface. The cluster composition shown in Fig. 6 closely resembles the experimental behavior for the watern-butanol-n-nonane system ͓see Fig. 3͑d͒ of Ref. 10͔.
Increasing the value of the mixing parameter ⌳ AC * at constant ␥ AB * can induce phase separation again, but two different types of critical clusters with similar amounts of the three species are likely to appear at certain activity fractions x a,B . From an experimental point of view it would be difficult to decide whether this is the case or whether nucleation through a single mixed cluster has occurred.
V. DISCUSSION
Although the correspondence between the figures in this paper and those in recent experiments is quite striking, its importance should not be overemphasized. It must be remembered that we have adjusted the ⌳ i j parameters in order to give results that correspond with experiment, so this is not an a priori theory for these binary mixtures. Our primary purpose has been to show that our approach is consistent with the experimental data, and that what it predicts on a microscopic level for the structure of the clusters is in agreement with qualitative expectations about the behavior of surfactants. It would be possible to develop a semiempirical version of this theory, in which the parameters are fit to independent experimental data on the thermodynamic and surface properties of the bulk binary mixture; this would be a generalization of our results for single-component nucleation. 20 Fundamentally, however, our assumed intermolecular potential is not an accurate one for the molecules that have been studied experimentally. One possible extension would be to an extended amphiphile that consists of fused spheres of two types that interact with other spherical or nonspherical molecules; this is close to a previous model that we have introduced. 21 Longer chains of spheres and flexibility could be introduced to give a better description of the alkanes and alcohols that have been studied. However, a deep understanding of the nucleation of water mixtures ͑the ultimate goal certainly for atmospheric chemistry͒ would require something still more difficult, namely a correct treatment of dipolar and hydrogen bonding interactions within density functional theory.
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